Plethodon elongatus and P. stormi (Caudata: Plethodontidae) are Pacific Northwest endemic species which occur in northwestern California and southwestern Oregon. Studies on these salamanders have resulted in differing taxonomic conclusions, but the underlying historical hypotheses, at both inter-and intraspecific levels, have never been examined in a molecular framework. Here, representatives of 81 populations from throughout the range of both taxa are sequenced. Portions of three mitochondrial protein-coding genes (cytochrome b , NADH dehydrogenase subunit 4, and ATPase 6) were sequenced. Four haplotype groups with nonoverlapping geographical ranges were recovered in separate and combined analyses of the data. One clade corresponds to the distribution of P. stormi , while the remaining three comprise P. elongatus . Phylogenetic relationships among haplotype groups differ in separate analyses of the genes but converge on a well-supported topology, with P. elongatus and P. stormi as monophyletic sister taxa, in combined Maximum Parsimony and Maximum Likelihood analyses. Population genetic analyses of mismatch distributions and Tajima's D -statistic are consistent with range expansion for the largest clade within P. elongatus, covering the northern two-thirds of the species range. In contrast, the P. stormi haplotype clade and the P. elongatus clade from the southern third of the species range may have been relatively stable. Morphological boundaries between P. elongatus and P. stormi are largely congruent with mitochondrial DNA breaks and continued treatment as sister taxa is supported. Although mitochondrial DNA haplotype groups may reflect historical separation within P. elongatus , genetic barriers are incongruent with intraspecific patterns of morphological variation.
Introduction
Hypotheses of biogeographic and evolutionary history are used regularly in molecular studies to generate testable predictions of genetic structure at shallow and deep levels of divergence (Riddle 1996; Avise 2000) . While vicariance events and climatic cycles may be linked to deeper phylogenetic structure (Moritz et al . 1992; Avise 2000; Brunsfeld et al . 2001) , demographic events such as growth or expansion following a bottleneck can leave signatures in both phylogenetic structure and genetic variation (Tajima 1989a; Slatkin & Hudson 1991; Rogers & Harpending 1992) . Recent studies of mitochondrial DNA (mtDNA) variation combining phylogenetic and population genetic approaches have provided insight into patterns and processes at multiple levels in species history for a number of taxa from western North America (e.g. Conroy & Cook 2000; Nielson et al . 2001; Matocq 2002) .
The salamanders Plethodon elongatus and P. stormi (Plethodontidae) are the only endemic amphibian taxa in the species-rich Klamath-Siskiyou region of southern Oregon and Northern California (Bury & Pearl 1999; DellaSala et al . 1999) . Plethodon stormi is restricted to the Siskiyou Mountains, while P. elongatus has a larger range in southeastern Oregon and northwestern California (Brodie & Storm 1971; Brodie 1971; Stebbins 2003; Fig. 1) . These closely related species (Highton & Larson 1979; Mahoney 2001) are distinguished by coloration, body proportions and number of vertebrae (Highton & Brame 1965; Brodie 1970; Nussbaum et al . 1983) . There is local variation in both colour pattern and vertebral count through the range of P. elongatus (Bury 1973 (Bury , 1999 Nussbaum et al . 1983) , while geographical variation in P. stormi is limited to vertebral count (Brodie 1970; Nussbaum et al . 1983) .
Several hypotheses have been proposed concerning the evolutionary history of these species, but none have been tested in a molecular framework. Plethodon elongatus and P. stormi are generally treated as sister species (e.g. Highton 1995; Petranka 1998) , however, the geographical pattern of morphological variation has been used to suggest alternative numbers of taxonomic units. The occurrence of morphologically intermediate populations in northern California suggests recent gene flow, supporting treatment of P. stormi as a subspecies of P. elongatus (Stebbins 2003, and personal communication) . Conversely, allopatry and apparent lack of hybridization in Oregon have been used to support continued recognition of two distinct species (Nussbaum et al . 1983) , with populations in northern California thought to reflect convergent coloration rather than intermixing of the two forms (Brodie 1970; Nussbaum et al . 1983 ). Finally, morphological variation throughout the range of P. elongatus may be sufficient to support recognition of additional taxa (Bury 1973 (Bury , 1999 .
Previous systematic research on the P. elongatus species group has focused on the initial divergence between the two species. Plethodon stormi is thought to be descended from peripheral populations that were isolated from a more widespread ancestral form as a result of climate change. The area of former connection has been postulated to be either in the Applegate River drainage of southern Oregon, or the upper Klamath River region of northern California (Brodie 1970; Bury 1973) . These geographical hypotheses imply a phylogeny where P. stormi is most closely related to populations of P. elongatus in the portion Table 1 . Population 1 (Coos County, OR), Populations 2 and 3 ( Josephine County, OR), and Populations 4 and 5 (Curry County, OR), are north of the mapped area and are included in P. elongatus haplotype group 1. Population 81 (square) is phylogenetically distinct and is not assigned to one of the main haplotype groups. of the ancestral range from which P. stormi 'budded off '. Under either scenario, P. elongatus may be paraphyletic with respect to P. stormi.
The Klamath-Siskiyou region where these salamanders occur was glaciated at high elevations (Davis 1988; Coleman & Kruckeberg 1999) . Cycles of climate change associated with glacial cycles influenced the present distribution of diverse taxa (Soltis et al . 1997; Hewitt 2000) . Like other species in the genus Plethodon , P. elongatus and P. stormi are fully terrestrial and are sensitive to extremes of temperature and moisture (Welsh & Lind 1995) . Range expansion from isolated refugia has been proposed to account for secondary contact between P. elongatus and P. stormi in the upper Klamath River area (Bury 1973) , but the possible role of other demographic events in the relatively recent history of these species has not been explored.
The goal of this study is to use analyses of mtDNA sequences to evaluate previous hypotheses on the history of the P. elongatus species group. A combination of phylogenetic and population genetic analyses will be used to examine historical hypotheses at inter-and intraspecific levels and the current taxonomy will be evaluated.
Materials and methods

DNA isolation, amplification and sequencing
Individuals were sampled from throughout the range of both species (Fig. 1, Table 1 ). Tissue samples consisted of frozen muscle and intestine, or ethanol-preserved tail tips. Frozen samples came from the Museum of Vertebrate Zoology, University of California at Berkeley; most are associated with a preserved voucher specimen (Table 1) . Tail tips preserved in 95% ethanol were collected by U.S. Forest Service field crews. These salamanders were released at the capture sites to minimize the impact of collecting on potentially threatened populations (Welsh 1990; Welsh & Lind 1995) .
Portions of three mitochondrial protein-coding genes were sequenced. A 385-base-pair (bp) fragment of cytochrome b (cyt b ) was amplified using the primers MVZ15 and cytb2 (Kocher et al . 1989; Moritz et al . 1992) . The primers ND4 and Leu (Arévalo et al . 1994 ) were used to amplify 679 bp of NADH dehydrogenase subunit 4 (ND4). Almost the entire ATPase 6 gene (670 bp) was amplified using primers L9252 and H9923 (Vitt et al . 1997) . Qiagen DNeasy extraction kits were used to extract whole genomic DNA. The polymerase chain reaction (PCR) was performed using standard components (Palumbi 1996) . The PCR thermal profile involved an initial denaturation at 95 ° C for 3 min; 36 cycles of denaturation at 95 ° C for 1 min, annealing at 45 ° C (primers were tested over a range from 42 to 50 ° C) for 1 min, and extension at 72 ° C for 90 seconds; and a final extension at 72 ° C for 2 min. PCR products were purified using a QIAquick PCR purification kit (Qiagen). They were labelled with fluorescent dye through a cycle-sequencing reaction following standard protocols (Applied Biosystems, Perkin Elmer), and were sequenced using ABI Prism 377 and 3700 automated sequencers with the associated data collection software (Applied Biosystems). Samples were sequenced and read in both primer directions using sequence navigator software (version 1.0.1, Applied Biosystems). Sequences were aligned manually using the amino acid translation as a guide. No insertions or deletions were observed in cyt b or ATPase 6. A single nucleotide deletion close to the 3 ′ end of the gene was observed in a subset of the Plethodon stormi samples (see Results section). To maintain sequence alignment for these analyses, a single gap was inserted 6 bp from the end of these sequences. ND4 sequences for some samples were available from previous work (Mahoney 2001 ; Table 1 ). All sequences used in this study were deposited in GenBank ( Table 1) .
Phylogenetic and population genetic analyses
Combining all three genes for phylogenetic analysis is preferred because this increases the number of informative nucleotide positions. In addition, the genes are located on the mitochondrion and are not expected to have different histories. However, sequences for all three genes were not available for some individuals, and taxa with large amounts of missing data may have negative effects on phylogenetic analyses (e.g. Wiens & Reeder 1995; Wilkinson 1995) . In combined analyses, using maximum parsimony (MP) and maximum likelihood (ML), only samples with sequences for all three gene regions were included to minimize the effect of missing data. The three genes were also analysed separately using minimum evolution (ME) so that every individual was included in at least one phylogenetic analysis. The ME results were used to assign each sample to a major haplotype group, and the MP and ML analyses were used to examine the relationships among haplotype groups. paup * 4.0b10 was used for all phylogenetic analyses (Swofford 2002) . The MP, ML and ME analyses were used to examine the phylogenetic relationships among nonidentical haplotypes. These methods were selected because they rely on optimality criteria to select the preferred tree topology, and the methods for ML and ME incorporate models of sequence evolution (Swofford et al . 1996) . Plethodon dunni and P. vandykei were used as outgroups in all phylogenetic analyses. Species of Plethodon from western North America comprise several highly divergent lineages and these taxa represent two lineages distinct from the P. elongatus species group and from each other (Mahoney 2001) .
Equal weights were used in MP heuristic searches with 10 random addition replicates. Support was assessed using nonparametric bootstrap with 1000 pseudo-replicates under (Bremer 1988; Donoghue et al. 1992) , were calculated using the program autodecay version 4.0.1 (Eriksson 1998 ). For ML analyses, the program modeltest version 3.06 (Posada & Crandall 1998) , was used to select the best fit model of sequence evolution using the data set comprised of samples with all three gene regions, considering only nonidentical sequences and including outgroup samples. The best fit model was selected using hierarchical likelihoodratio tests under a mixed χ 2 distribution with a Bonferroni correction applied to account for multiple tests (Posada & Crandall 1998 , 2001 ). Support was assessed using 100 bootstrap pseudo-replicates and the fast-heuristic option. ML distances were used in ME analyses and modeltest was used to select the model of sequence evolution with the best fit to the data as in the ML analyses. For each gene data set, parameters for the likelihood model were based on analysis of unique in-group sequences plus out-groups. Likelihood parameters were used in heuristic ME searches with 10 random addition replicates. Non-parametric bootstrap using the fast-heuristic option with 1000 pseudoreplicates was used to assess support for the ME topology.
The main haplotype groups recovered by the phylogenetic analyses occupied nonoverlapping geographical areas (see Results) and were treated as separate units in analyses of regional genetic diversity and demographic history (Matocq 2002) . As in the phylogenetic analyses, to maximize information from all individuals sequenced, genes were analysed separately and in combination. Variation among DNA sequences (i.e. nucleotide diversity, θ) can be calculated using the average number of pairwise nucleotide differences (π) or the number of polymorphic (segregating) sites (S). Nucleotide diversity calculated as θ π is sensitive to haplotype frequency, while θ S is not (Tajima 1989b) . Assuming neutrality, the difference between these two measures, known as Tajima's D-statistic, can be used to infer demographic history (Tajima 1989a,b) . In populations that have remained stable in size over time the two values are expected to be similar, and the D-statistic to be close to zero ( Tajima 1989b ( Tajima , 1993 . Significant values of D, either negative or positive, allow one to reject the null hypothesis of population stability. A negative value (θ π < θ S ) is predicted in populations that have undergone recent increases in size because rare alleles are more abundant than expected. Positive values of D suggest elimination of rare alleles which might follow a population bottleneck (Tajima 1989a (Tajima , 1993 . Values of θ π , θ S and D were calculated using the program arlequin 2.0 (Schneider et al. 2000) . The significance of the D-statistic was tested by simulating a distribution (1000 replicates) of D-values under the null hypothesis of population stability (Schneider et al. 2000) .
Histograms of the frequency of observed pairwise differences among sequences were plotted using arlequin, and the shape of the observed mismatch distribution was tested against the null hypothesis of population expansion (Slatkin & Hudson 1991) . Mismatch distributions were plotted for all samples, including identical haplotypes, from each haplotype group. Populations which have gone through a period of expansion or growth are expected to have a star-like phylogeny and a unimodal shape to the mismatch distribution reflecting similarity in the amount of divergence among all pairs of haplotypes (Slatkin & Hudson 1991; Rogers & Harpending 1992) . Populations which have been stable over time are predicted to have a more balanced phylogeny shape and a bi-or multimodal mismatch distribution (Slatkin & Hudson 1991) . The fit between the observed and expected distributions was tested using the sum of squared deviations (Schneider & Excoffier 1999) .
Results
One hundred and seven samples from 73 populations of Plethodon elongatus and P. stormi were sequenced for the ND4 gene (Table 1) . Seventy-six unique haplotypes were recovered. Identical haplotypes were usually located in the same population (15 populations), and haplotypes shared across populations (nine instances) were from geographically proximate localities in the same river drainage. Total fragment length was 679 bp, and average sequence length obtained was 674 bp. The best fit model of sequence evolution was the HKY model (Hasegawa et al. 1985) , incorporating a gamma shape distribution for variable sites and proportion of invariant sites (HKY + G + I). Likelihood parameters fixed for ME analysis (in paup command convention) were: Base = (0.3519 0.2638 0.0932); Nst = 2; Tratio = 9.2370; Rates = gamma; Shape = 0.7904; Pinvar = 0.4424.
Six ND4 haplotypes had a single nucleotide deletion compared to the other sequences. In these haplotypes a first position transition from guanine to adenine caused an inferred change from a glycine codon (GGG) to a stop codon (AGG) three codons from the end of the gene (not counting the stop codon which is generated through polyadenylation of the terminal T during transcription yielding TAA; Roe et al. 1985) . Based on the inferred amino acid sequence, the single nucleotide deletion was downstream from the 'new' stop codon and probably did not cause a deleterious frame shift. The six haplotypes were observed in 10 individuals from the Applegate River drainage in Oregon and the extreme northern edge of California (populations 10 -14, 16, 17 and 37-39). Two additional haplotypes, observed in six individuals from Josephine County, OR (populations 8 and 9), displayed the same substitution, resulting in a premature stop codon, but did not have a downstream deletion. The substitutions resulting in stop codons were inferred to be independent events because the haplotypes did not group together in phylogenetic analyses (below). Premature stop codons, with and without downstream deletions, have been observed in the terminal (3′) region of ND4 in related salamander lineages (Mahoney 2001) .
One hundred and seven individuals from 77 populations were sequenced for ATPase 6, yielding 88 unique haplotypes. Identical haplotypes were found in samples from 10 populations and two haplotypes were shared across populations. Fragment length was 670 bp, and average sequence length obtained was 665 bp. The best-fit likelihood model of sequence evolution was the TVM variant of the general time-reversible model (Posada & Crandall 1998 , 2001 
Phylogenetic analyses
All phylogenetic analyses, separate and combined, yielded four genetically distinct, parapatric haplotype groups within the range of Plethodon elongatus and P. stormi. Figure 1 (see also One hundred and sixteen of the one hundred and twenty-two samples were sequenced for two or three gene regions (Table 1) , and haplotype group membership was the same in separate analysis of genes. In populations with more than one individual sampled, sympatry of different haplotype groups was not observed. Separate ME and combined MP and ML analyses differed in the relationships among haplotype groups and the degree of support for the haplotype groups. Detailed results for relationships within and among haplotype groups will be presented only for the combined analyses, while results for the genes analysed separately cover the main haplotype groups for comparison with the combined analyses.
A single sample from the eastern margin of the species range in Siskiyou County, CA (population 81, Fig. 1 ), is the sister to all remaining in-group samples in the phylogenetic analyses and is not assigned to one of the four main haplotype groups. Analyses of ND4 including additional taxa, including species of Plethodon from eastern and western North America, Aneides, and Ensatina (results not shown), support the relationship of this sample as the sister of the remaining samples from the P. elongatus species group.
The combined gene data set of 85 haplotypes was 1734 bp, of which 1007 bp were constant, 251 bp were variable but parsimony-uninformative, and 476 bp were parsimonyinformative. The ND4 region was 679 bp, of which 407 bp were constant, 89 bp were variable but parsimonyuninformative and 183 bp were parsimony-informative. The ATPase 6 region was 670 bp with 366 bp constant, 112 bp variable but uninformative and 192 bp parsimony informative. The cyt b region was 385 bp, with 234 bp constant, 50 bp variable but uninformative and 101 bp parsimonyinformative.
MP analysis of the combined gene data set resulted in 1924 most parsimonious trees (MPTs; Fig. 2 ). Tree length was 1722 steps, consistency index (CI) was 0.518, and retention index (RI) was 0.826. Monophyly of the ingroup was highly supported (100% bootstrap; 44 decay index, DI), as was the sister group relationship of population 81 to the remaining ingroup samples (100%; 35 DI). Each of the four haplotype groups was strongly supported in terms of bootstrap and DI values: P. stormi 100%, 30 DI; Group 1 P. elongatus 100%, 23 DI; Group 2 P. elongatus 100%, 30 DI; Group 3 P. elongatus 100%, 22 DI. Relationships among the haplotype groups had moderate support. Plethodon stormi is the sister group of the three P. elongatus haplotype groups which formed a clade (76%, 10 DI). Group 2 and Group 3 P. elongatus were sister clades (68% bootstrap, 8 DI), and this pair was the sister of Group 1 P. elongatus.
Much of the basal structure within Group 1 P. elongatus had less than 50% bootstrap values (Fig. 2) . A few groups comprised of multiple haplotypes had moderate to strong support, for example, samples from the North Fork of the Smith River drainage (populations 31-34; 98%) and Klamath River drainage (47, 48, 51, 52, 65; 90%; and 57, 58, 64, 68, 71; 90%) . Within Group 3 P. elongatus, the population from the Klamath River drainage (population 60) was sister to the samples from the Trinity River drainage (populations 73, 75-80). The Trinity River drainage group had high bootstrap support (99%). A basal split was recovered for the P. stormi haplotype group. Bootstrap support was high for clades comprised of Applegate River drainage samples (populations 10-14, 16, 17, 37-39; 97%) and upper Klamath River samples (populations 41-43; 95%).
Maximum likelihood analysis resulted in a single tree, likelihood score -10780.62554 (Fig. 3) , with the same relationships among the main haplotype groups as in MP analysis. In the ML analysis, as in the MP analysis, the four main haplotype groups were strongly supported, but relationships among haplotype groups were weakly supported. The P. stormi haplotype group (95%) was the sister to a clade comprised of the three P. elongatus haplotype groups. Groups 2 and 3 P. elongatus received strong support (99% and 90%, respectively) but the sister group relationship was weakly supported (67%), as was the monophyly of the three P. elongatus haplotype groups (60%). One difference between MP and ML analyses was the support for monophyly of in-group samples exclusive of population 81. This grouping had high bootstrap support in MP analysis (100%) but only weak support in ML analysis (68%).
Analysis of the ND4 region yielded a single ME tree, score 1.90052 (Fig. 4) . All samples of P. elongatus and P. stormi formed a monophyletic group with high bootstrap support (98%). Monophyly of the in-group samples, with respect to population 81 was weakly supported (58%), and there was less than 50% bootstrap support for relationships among the four haplotype groups. Bootstrap support for the main haplotype groups was weak to moderate (57-89%), and lower than in the combined analyses (Figs 2 and 3) .
In ME analysis of ATPase 6 (not shown), P. stormi clustered as the sister group of Group 1 P. elongatus, with Group 3 P. elongatus and Group 2 P. elongatus sequentially basal. The topology was similar to that found with ND4, but the positions of Group 2 and 3 P. elongatus were reversed. In analysis of cyt b, Group 2 and Group 3 P. elongatus were sister groups and Group 1 P. elongatus was the sister of this pair. Plethodon stormi joined as the sister to a clade comprised of the three P. elongatus haplotype groups. These were the same relationships as those recovered in combined analyses. Compared with analyses of ND4, bootstrap support values for the main haplotype groups were higher in analyses of ATPase6 and lower in analyses of cyt b. For both ATPase 6 and cyt b, as seen with ND4, there was less than 50% bootstrap support for relationships among the four main haplotype groups.
Support values for relationships among the major haplotype groups were higher in the combined analysis than in analyses of the genes separately and a sister group relationship between P. elongatus and P. stormi is the preferred phylogenetic hypothesis based on this result. The number of OTUs, operational taxonomic units (i.e. unique haplotypes) included in the combined analysis (n = 85) was similar to or greater than the number in the separate analyses Fig. 3 Results of maximum likelihood analysis of samples with all three mitochondrial gene regions. Single ML tree, −ln 10780.62554. Bootstrap support values greater than 50% are indicated on branches. Tree is outgroup rooted (outgroups not shown). Population and sample numbers as in Table 1. (ND4: 76; ATPase 6: 88; cyt b, 76), so the increase in bootstrap support values is probably the result of the increase in the amount of sequence data relative to the number of OTUs.
Genetic diversity and regional demographic history
Maximum sequence divergence of ND4 sequences within haplotype groups ranged from 1% (Group 2 P. elongatus) to 5.7% (Group 1 P. elongatus; Table 2 ). Maximum divergence within P. stormi was similar to maximum divergence within Group 3 P. elongatus. Average per cent sequence divergences among the three P. elongatus haplotype groups ranged from 6.1% to 6.9%. The three groups had similar amounts of divergence from the P. stormi haplotype group, ranging from 7.5% to 8.5%. Considering all P. elongatus samples together, maximum per cent divergence within the group was 8.4% and the average divergence to P. stormi was 7.7% (range 6.2-9.2%, Table 2 ). Per cent divergences for ATPase 6 within and among haplotype groups tend to be 1-2% higher than comparisons among ND4 sequences. The average per cent divergence between P. elongatus and P. stormi for ATPase was 9.5% (range 7.5 -11.3%; Table 3 ). Average per cent divergences of cyt b among P. elongatus haplotype groups was similar to values for ND4. For cyt b, the average per cent divergence between the two species was 8.1% (range 6.0 -10.7, Table 4). Fig. 4 Minimum evolution analysis of ND4 sequences. Single ME tree, score 1.90052. Non-parametric bootstrap support values above 50% are shown on branches. Tree is out-group rooted (out-groups not shown). Population and sample numbers as in Table 1 . Table 2 Pairwise differences (uncorrected per cent divergence) within and among haplotype groups for ND4 gene region Table 3 Pairwise differences (uncorrected percent divergence) within and among haplotype groups for ATPase 6 gene region. See Table 2 for details Table 4 Pairwise differences (uncorrected per cent divergence) within and among haplotype groups for cyt b gene region. See Table 2 Group 2 P. elongatus was excluded from analyses of regional diversity because of the small number of populations and individuals included (three and six, respectively). Values of Tajima's D for Group 1 P. elongatus were negative for each gene region, and analyses of ND4 and ATPase 6 were significantly different from zero (Table 5) . Values of D were not consistently positive or negative for the other groups and no other haplotype group had a value of D significantly different from zero for any gene region (Table 5) . Analysis of the combined gene data set (samples with all three gene regions, including identical sequences) did not find significant deviation from zero for any group, although Group 1 P. elongatus approached significance (P = 0.053; Table 5 ).
Group 1 P. elongatus had a unimodal mismatch distribution for each gene analysed, while Group 3 P. elongatus and P. stormi had multimodal distributions. Figure 5 shows the mismatch distributions from ND4 sequence data and the combined gene data set. The mismatch distributions for ATPase 6, cyt b (not shown) and the combined data set were visually similar. None of the mismatch distributions for ND4 or ATPase 6 were significantly different from the null expectation under a model of population growth (Table 5 ; Fig. 5 ). In analysis of the cyt b data set, Group 1 P. elongatus was significantly different from the null expectation (P = 0.037) and Group 3 P. elongatus and P. stormi approached significance (Table 5 ). The combined gene data set had similar patterns, and only the P. stormi haplotype group deviated significantly from the null expectation (P = 0.018; Table 5 , Fig. 5 ).
Discussion
Phylogenetic history
The current treatment of Plethodon elongatus and P. stormi as sister species (Highton 1995; Petranka 1998 ) is at odds with biogeographic hypotheses that imply paraphyly of P. elongatus with respect to P. stormi (Brodie 1970; Bury 1973 Bury , 1999 . The phylogenetic predictions from taxonomy and biogeography may be viewed as bounds on a range of possible outcomes as opposed to exclusive alternatives. The results presented here do not unambiguously support either extreme, however, the most well-supported phylogenetic topologies, from the combined MP and ML analyses, support continued recognition of P. elongatus and P. stormi as reciprocally monophyletic sister species. Relationships and interactions with a possible third species in this group, represented by a single population in this study (population 81, Figs 2 and 3), are being studied in more detail (L. Mead and D. DeGross, personal communication), and will not be discussed in detail here.
In agreement with the current taxonomic arrangement, P. stormi was recovered as the sister group of a monophyletic P. elongatus in analyses of cyt b and the combined analyses (MP and ML). Support in the cyt b analyses was weak (less than 50%), and only moderate in the combined analyses (Figs 2 and 3) , though greater than in any of the separate analyses. In the ND4 and ATPase 6 analyses, P. stormi was sister group of the northernmost haplotype clade within P. elongatus (Group 1 P. elongatus), though support in each case was weak (less than 50%). An affinity between P. stormi and northern populations of P. elongatus is predicted by the biogeographic scenarios, however, at a fine geographical scale, the phylogeny recovered is not in precise agreement with either previously presented hypothesis. Brodie (1970) proposed a connection between P. stormi in the Applegate River and nearby P. elongatus (populations 8 and 9 in this study; Fig. 1 ). Bury (1973 Bury ( , 1999 proposed a relationship between P. stormi and P. elongatus along the Klamath River (e.g. populations 44 -50; Fig. 1 ). Although the P. elongatus populations under either hypothesis are in the northernmost P. elongatus haplotype group (Group 1), populations in this group are more closely related to each other than to P. stormi. It is possible that more recent population history, perhaps subsequent to the last cycle of glaciation, has obscured patterns resulting from earlier phylogenetic divergences within this group (see below).
Demographic history
Although northern California and Oregon had only high elevation glaciers (e.g. Davis 1988; Coleman & Kruckeberg 1999) , climate changes correlated with glacial cycles probably influenced distribution of regional faunas (e.g. Soltis et al. 1997; Hewitt 2000) , including salamanders, which are sensitive to temperature and moisture regimes (Feder 1983; Welsh & Lind 1995) . The Klamath-Siskiyou region occupied by these salamanders has been proposed as a refugial area for many plant taxa (Whittaker 1961; Smith & Sawyer 1988; Soltis et al. 1997) . Most studies on the influence of glaciation on genetic structure have examined widely ranging species that have moved into previously glaciated areas (e.g. Soltis et al. 1997; Conroy & Cook 2000) .
The P. elongatus group shows comparable demographic patterns and genetic structure on a relatively small geographical scale. Genetic divergences between P. elongatus and P. stormi are similar to values reported for other Pacific Northwest amphibians, both within and among species. Average per cent divergence between P. elongatus and P. stormi ranges from 7.67% to 9.49% across the three genes in this study (Tables 2, 3, 4) . Mitochondrial DNA divergences among salamanders and frogs in the same region range from 5.5% to 10.1% (Ensatina salamanders, Moritz et al. 1992 ; Taricha newts, Tan & Wake 1995; Rana frogs, Macey et al. 2001) . Although average divergences among the P. elongatus groups are lower than comparisons between P. elongatus and P. stormi, the ranges of values in these comparisons overlap broadly; many comparisons among P. elongatus haplotype groups are similar to those between P. elongatus and P. stormi. Relatively deep genetic divergences across narrow geographical ranges have been observed in many plethodontid salamanders (e.g. Moritz et al. 1992; Chippindale et al. 2000; Jockusch & Wake 2002) .
Genetic variation in Group 1 P. elongatus conforms to predictions based on population expansion models with both Tajima's D-statistic and mismatch histograms. Group 1 P. elongatus was the only haplotype group with consistently negative values of Tajima's D, where a value of zero is predicted with population stability. Values for Group 1 P. elongatus were significantly different from zero for two of the three gene regions examined and approached significance when the genes were combined. Negative values of Tajima's D result from an excess of rare alleles (i.e. haplotypes), as expected after a recent population expansion (Tajima 1989b (Tajima , 1993 . Complementing the Tajima's Dstatistic, mismatch histograms for Group 1 P. elongatus have the unimodal shape predicted under a model of population expansion (Slatkin & Hudson 1991) .
Group 1 P. elongatus is significantly different from the null expectation for cyt b, yet the histogram visually agrees with the predicted shape under the model of expansion. Although they used a different method of testing deviation from the null expectation, Slatkin & Hudson (1991) presented unimodal histograms that were significantly different from a Poisson distribution, although this was difficult to distinguish visually. In addition, histograms which deviate from a unimodal shape may not always reject the null expectation (Schneider & Excoffier 1999) . Mismatch distributions may have value more as heuristic rather than statistical predictors of demographic history.
The population expansion model predicts a star-like phylogeny associated with the unimodal mismatch distribution (Slatkin & Hudson 1991) . The phylogenetic topology of Group 1 P. elongatus has star-like properties in that many internodes among haplotypes are short and have low character support. This pattern is seen for each individual gene and when all three genes are combined. In addition to poorly supported resolution among haplotypes, the similar length of the branches suggests descent from a single coalescent event at the base of the clade with subsequent divergence among lineages also proposed to correlate with rapid expansion (Slatkin & Hudson 1991) .
Group 3 P. elongatus and the P. stormi haplotype group have similar results under the Tajima's D-statistic and mismatch histogram comparisons. Neither group has a consistent pattern of negative or positive values for Tajima's D, and these values are not significant for the gene data analysed separately or combined. The mismatch histograms are multimodal for each gene region, though only significantly different from the null expectation for P. stormi when the data are combined. The phylogenetic topology of both groups conforms to predictions of longterm population stability resulting in substantial phylogenetic structure (Slatkin & Hudson 1991) , and the groups also have a similar geographical distribution of genetic diversity. Each group has a basal split and a geographical area in one subgroup with very low genetic variation, including haplotypes shared among populations. The multimodal mismatch distribution for each group is related to the phylogenetic topology. Comparisons across the basal divergence account for the peak of the highest divergences on the right side of the histogram, and comparisons among the most similar haplotypes account for the peak on the left side of the histogram. Variation within the subgroups (on each side of the basal split) results in the intermediate values in the histogram.
Within Group 3 P. elongatus, six individuals from four populations (populations 77-80) in the southern portion of the Trinity River drainage share a single ND4 haplotype, and an additional sample from one population (80) differs by a single substitution (Fig. 2) . Eight samples from eight populations (10-14, 16, 37b, 38) of P. stormi in the Applegate River drainage have four ND4 haplotypes that differ by one to three substitutions (Fig. 2) . Each gene, and the combined analyses, shows a similar pattern for Group 3 P. elongatus and P. stormi: low variability among most samples from one river drainage. In the ATPase 6 data set, the only two cases of haplotypes shared across populations are six individuals from six populations in the Applegate drainage (populations 10 -12, 14, 16, 37, 38) and seven individuals from four populations in the southern Trinity River drainage (populations 77-80). For cyt b, 10 individuals from nine populations in the Applegate drainage (populations 10-16, 37, 38) share a haplotype, as do eight individuals from four populations from the Trinity River drainage (populations 77-80).
A very recent population expansion will result in a peak in the mismatch distribution at the left side of the graph, comprising the comparisons among identical and highly similar sequences (Rogers & Harpending 1992) . Although all samples, including identical samples, are included in the mismatch analyses, the left-hand peak in these graphs is not the result of differential sampling among populations. Within P. stormi in the Applegate River drainage, all populations but one are represented by single individuals, so identical haplotypes are almost entirely the result of haplotype sharing among populations. Five of 10 populations within Group 3 P. elongatus have two or more samples. In two populations more than one haplotype was recovered (60 and 80), and haplotypes are shared among populations, as well as by individuals within some populations. Dividing these two haplotype groups more finely for demographic analysis would result in reduction of the number of included populations and low statistical power, however, the observed patterns of genetic diversity, primarily identical and near-identical haplotypes shared among multiple populations, suggest that Group 3 P. elongatus and P. stormi have each recently expanded into one area of their geographical range.
Species history
Plethodon elongatus and P. stormi contact one another in the upper Klamath River and the morphological transition between forms suggests introgression (Stebbins 2003; Brodie 1970) . The mtDNA boundary is broadly congruent with this transition area. The mtDNA break occurs between populations 43 (P. stormi) and 46 (P. elongatus), in an area where individuals display the P. elongatus colour pattern (D. Wake, personal communication). Individuals intermediate in coloration occur to the east at Seattle Creek (population 42; D. Wake, personal communication). Populations 36-39 display P. stormi coloration. The relatively narrow morphological transition zone between P. elongatus and P. stormi and the concordance between morphological and genetic borders, despite apparent gene flow, suggest a relatively recent contact between these lineages.
Genetic subdivision within P. elongatus is not concordant with the pattern of morphological variation in this species. Populations of P. elongatus from coastal California tend to be darker and smaller with an obscure dorsal stripe, particularly in older individuals, and less white flecking than inland forms along the Klamath River (Stebbins 1951 (Stebbins , 2003 Brodie 1970; Nussbaum et al. 1983) . The transition between coastal and inland colour patterns is clinal, following the Klamath River (Bury 1973 (Bury , 1999 . Populations in Oregon are similar to forms from coastal California (Brodie 1970; Nussbaum et al. 1983) . In the southern part of the range, inland populations from the Trinity River basin may be morphologically distinct from populations further to the north in the Klamath River (Bury 1999) . Mitochondrial data support the affinity of populations in Oregon and California, but there is no genetic break between populations from coastal and inland areas of California. A single haplotype clade occurs in these areas and there is no support for geographical structure within the clade. Genetic breaks in the southern portion of the range of P. elongatus are not concordant with the morphological patterns with respect to the distribution of Group 3 P. elongatus and the previously unsuspected presence of Group 2 P. elongatus. Populations in Group 3 P. elongatus are primarily in the Trinity River basin (populations 73 -80; Fig. 1 ), but this clade extends northward and includes populations in coastal (population 56) and inland (population 60; Fig. 1 ) areas of the Klamath River. Incongruence between genetic and morphological borders, and the broad, clinal nature of morphological transitions suggest a longer period of contact and gene flow among previously discrete lineages within P. elongatus, compared with the relatively recent contact between P. elongatus and P. stormi.
As noted above, the genetic divergences among haplotype groups within P. elongatus are nearly as deep as those between P. elongatus and P. stormi. Although it seems likely that recent gene flow unites these groups, more data are required to assess this possibility. The large divergences among clades and the geographical structure of the mtDNA lineages are an indication of historical isolation of populations within P. elongatus. It is recommended that the three main haplotype groups within P. elongatus be treated as evolutionarily significant units (ESUs, Moritz 1994a,b) to recognize both the genetic distinctiveness and parapatric geographical distributions of the groups.
Continuing studies on P. elongatus will focus in greater detail on the geographical pattern of genetic structure and will examine the boundaries between the major genetic lineages on a finer geographical scale (Mahoney and Welsh, in preparation) . The three haplotype groups comprising P. elongatus closely approach one another at the three-way border between Del Norte, Siskiyou and Humboldt Counties, CA (Fig. 1) . Several populations in this area are represented by more than one sample, and the haplotype groups have not been found in sympatry. The Klamath River separates Groups 1 and 3 at the coast, however, Group 3 is found north of the Klamath River further inland. The type locality of P. elongatus is at Requa (Van Denburgh 1916) , on the north side of the mouth of the Klamath River. Populations 54 and 55, north of the type locality are in Group 1 P. elongatus, while sample 56, from near the coast immediately south of the Klamath River, is in Group 3 P. elongatus. Determining the geographical distribution of the mitochondrial groups will have a bearing on taxonomic decisions if future studies of morphology and nuclear markers find support for dividing P. elongatus into more than one species.
